Background: Alpha-thalassemia/mental retardation, X-linked, or ATRX, is an autism 25 susceptibility gene that encodes a chromatin remodeler. Mutations of ATRX result in the ATR-X 26 intellectual disability syndrome and have been identified in autism spectrum disorder (ASD) 27 patients. The mechanisms by which ATRX mutations lead to autism and autistic-like behaviours 28 are not yet known. To address this question, we generated mice with postnatal Atrx inactivation in 29 excitatory neurons of the forebrain and performed a battery of behavioural assays that assess 30 autistic-like behaviours.
unfamiliar, same-sex mouse of a different genotype (stranger 2) was placed into the wire cage 136 previously containing the inanimate object. The test mouse was then allowed to explore the 3-137 chambered arena for 10 minutes. The amount of time spent in each chamber was recorded by the 138 AnyMaze video-tracking system. Based on the amount of time spent in each chamber, a 139 'sociability index' and a 'social novelty index' was calculated as previously described (27) . The Marble Burying: The test was performed as previously described (28) Induced Self-Grooming: The test was performed as previously described (27, 29) to evaluate 152 repetitive grooming tendencies. Mice were individually habituated in an empty test cage for 30 153 minutes prior to the test. To amplify natural grooming tendencies, mice were misted with water 3 154 times at 10cm distance of the upper-back. Following this misting, the grooming behaviour of each Open Field Test: Mice were brought into the testing room to habituate in their home cages 160 approximately 30 minutes prior to the test. Mice were placed in a 20 cm x 20 cm arena with 30 cm 161 high walls. Locomotor activity was automatically recorded in 5-minute intervals over 2 hours 162 (AccuScanInstrument) (30) . For each mouse the number of vertical episodes was assessed.
164
Pre-Pulse Inhibition of the Startle Response: The pre-pulse inhibition and startle response tests 165 were performed as previously described(31) to assess sensory gating. Mice underwent two days of 166 habituation prior to the testing day, to acclimate the mice to the apparatus. During this habituation, 167 mice were individually placed in the chamber apparatus and exposed to background noise (65 db) 168 for 5 minutes (SR-LAB, San Diego Instruments). On the test day, individual mice were placed in 169 the chamber and acclimated for 10 minutes with background noise. The mice then underwent a 170 habituation block, consisting of fifty acoustic startle trials, with 20 ms stimulus of 115 db, and 171 intertrial interval of 20 seconds. After the habituation block, mice underwent a prepulse-inhibition 172 block consisting of ten sets of five types of trials randomly ordered with variable intertrial intervals 173 of 10, 15, or 20 seconds. Four of the five trial types consisted of prepulses (intensity of 75 or 80 174 db, length of 20 ms), separated from the startle stimulus (intensity of 115 db, length of 40 ms) by 175 an interstimulus interval of either 30 ms or 100 ms. The fifth trial type was a startle pulse alone.
176
The startle response was measured by the movement of the mouse on the platform, which generates 177 a transient force analyzed by the software. The startle magnitude recorded was an average for the 178 ten trials of each trial type and startle magnitudes of pre-pulse trials were normalized to the pulse-179 only trial. 183 As olfactory impairments can confound the interpretation of other tests, especially social 184 behaviour assays, we first wanted to address whether the loss of Atrx in excitatory neurons of the 185 forebrain alters olfaction in male and female mice. To do this, we performed the odor 186 discrimination and habituation assay (25) . In this test, mice were presented with multiple odors for Given that ATRX mutations are associated with autistic traits in humans, we next sought to 202 investigate if the loss of Atrx in forebrain excitatory neurons has any effect on social behaviour.
180

Results
182
Sexually dimorphic olfaction defects in Atrx-cKO mice
203
Changes in sociability and social preference are some of the most common deficits observed in 204 mouse models with autism-associated genetic mutations (26, 27, (32) (33) (34) . As such, we first 205 investigated sociability of Atrx-cKO MALE and Atrx-cKO FEMALE mice by means of the social 206 approach assay, as described previously (26) . There was no significant difference in the total 207 amount of time that Atrx-cKO MALE and Atrx-cKO FEMALE mice spent interacting with a stranger 208 mouse compared to controls ( Fig. 2A) . However, when these results were grouped and analyzed 209 by sex, male mice (Atrx-cKO MALE and Ctrl MALE ) spent more time socially interacting with the 210 stranger mouse compared to female mice (Atrx-cKO FEMALE and Ctrl FEMALE ) (ANOVA, *p=0.048; 211 Fig 2A) . When social interaction was analyzed over one-minute intervals during the 10-minute 212 test, there were no genotypic or sex-differences ( Fig. 2B) . 213 We also investigated social preference and social novelty in the three-chambered paradigm 214 (27). During the first part of the paradigm, social preference was assessed as mice were placed into 215 a three-chambered apparatus and were free to explore between the chambers. The outer two 216 chambers contained either a novel object or a stranger mouse, while the centre chamber remained genotypic differences were observed in social preference between groups ( Fig. 2C-D) . 222 Social novelty was investigated during the second part of the paradigm in which the outer 223 chambers contained either the stranger mouse from the first part of the test (familiar mouse) or a 224 novel mouse. Ctrl MALE and Atrx-cKO MALE mice both spent more time in the chamber containing 225 the novel mouse compared to the familiar mouse and the empty chamber (multiple comparisons, 226 ***p<0.001, ****p<0.0001; Fig. 2E ). Interestingly, although Ctrl FEMALE and Atrx-cKO FEMALE mice both spent significantly less time in the empty chamber, neither demonstrate a preference for 228 the novel mouse over the familiar mouse (multiple comparisons, ***p<0.001; Fig. 2F ). Sociability 229 and social memory indexes were calculated based on the social preference and social novelty 230 results. Atrx-cKO and Ctrl mice did not display genotypic or sex-differences in their sociability 231 indexes ( Fig. 2G) . Similarly, there was no genotypic difference in social memory indexes, 238 Previous studies using autism mouse models have demonstrated that the mutant mice often 239 present with repetitive and stereotyped behaviours (27, (34) (35) (36) (37) . We tested for the presence of these 240 repetitive and stereotyped behaviours in both Atrx-cKO MALE and Atrx-cKO FEMALE mice using 241 various tests. The marble-burying assay was used to assess repetitive burying and digging by 242 placing mice in a cage with 12 marbles and recording how many marbles were buried following a 243 30-minute period. Percentage of marbles buried during the marble-burying assay was not 244 significantly different when comparing Atrx-cKO MALE and Atrx-cKO FEMALE mice to control mice.
Repetitive behaviours are not altered in Atrx-cKO MALE and Atrx-cKO FEMALE mice
245
There also was no difference when comparing between genotypes or sexes. However, the 246 interaction was significantly different between groups, suggesting the loss of Atrx in forebrain 247 excitatory neurons has opposing effects on marble burying when comparing male and female mice 248 (ANOVA, *p=0.047; Fig. 3A) . 249 We also investigated the presence of repetitive grooming tendencies by misting mice with 250 water to induce grooming behaviours. The total amount of time spent grooming during the 30-251 minute induced self-grooming assay was not significantly different between Atrx-cKO mice and 252 controls, or between sexes (Fig. 3B) . When the results of this test were analyzed over 5-minute 253 intervals, similarly, there was no difference in the amount of time spent grooming between Atrx-254 cKO MALE and Ctrl MALE mice (Fig. 3C) or Atrx-cKO FEMALE and Ctrl FEMALE mice (Fig. 3D) . 255 Interestingly, the open field test shows a significant increase in the number of vertical episodes Fig. 3F ). In addition to these sex-differences, there was no genotypic 261 difference between the total vertical episodes or the vertical episodes over time. Similarly, there 262 were no significant difference between or Atrx-cKO mice and controls when analyzing vertical 263 episodes. These behavioural analyses suggest that the loss of Atrx in forebrain excitatory neurons 264 postnatally does not result in repetitive or stereotyped behaviours typically associated with ASDs. 265 However, we did observe an increase in the number of vertical episodes of female mice compared 266 to males, suggesting the presence of innate repetitive behaviours in female mice. 269 Previous studies have reported that rodent models with autism-associated genetic 270 mutations can display an exaggerated startle response, or impaired pre-pulse inhibition, to an 271 acoustic stimulus (38) (39) (40) (41) . These impairments are associated with deficits in sensory gating and 272 auditory processing often reported in ASD patients (42, 43) . As such, we wanted to investigate if 273 Atrx-cKO mice display hypersensitivity to an acoustic startle stimulus. The pre-pulse inhibition 274 and startle response assay using an acoustic stimulus was performed, as described previously (31).
268
Atrx-cKO MALE and Atrx-cKO FEMALE mice display typical startle response to acoustic stimuli
275
Mice were placed in a chamber and exposed to fifty trials of an acoustic stimulus (20 ms, 115 db).
276
Atrx-cKO MALE and Atrx-cKO FEMALE mice demonstrated a similar startle response to the acoustic 277 stimuli compared to their respective controls ( Fig. 4A-B) . Additionally, there was no significant 278 difference in startle responses when comparing genotypes (Atrx-cKO vs. Ctrl). Notably, there was 279 a significant increase in the startle response of male mice (Atrx-cKO MALE and Ctrl MALE ) compared 280 to female mice (Atrx-cKO FEMALE and Ctrl FEMALE ) (ANOVA, *p<0.023). We also performed a set 281 of trials that investigated pre-pulse inhibition to the acoustic stimulus by first exposing mice to a 282 pre-pulse that preceded the acoustic stimulus. These trials varied in the intensity of the pre-pulse 283 (75 db or 80db), and the amount of time between the pre-pulse and the acoustic "pulse" stimulus 284 (30ms or 100ms). Additionally, there was one trial that only involved a "pulse" without a pre- In this study we present a comprehensive assessment of the effects of a postnatal 295 conditional knockout of the autism susceptibility gene Atrx on autistic traits in male and female 296 mice. We provide evidence that the postnatal loss of Atrx in forebrain excitatory neurons does not 297 result in social deficits, stereotypies and repetitive behaviours, or sensory gating deficits. We did, 298 however, identify sex-specific differences in sociability, vertical episode stereotypies, and startle 299 responses when analyses were grouped by sex.
300
Prior to investigating ASD-related behaviours, we first sought to determine whether Atrx-301 cKO adult mice present with any olfactory defects compared to controls. We performed the odor 302 discrimination and habituation assay to assess if Atrx-cKO mice showed habituation to a repeatedly 303 presented odor and were able to discriminate between a novel odor (25). By establishing that 304 experimental mice are able to detect and discriminate between odors, results of subsequent social 305 behaviour assays can be more accurately interpreted. Results of the odor habituation and 306 discrimination assay suggest that Atrx-cKO MALE mice have deficits in olfaction, as they spent 307 overall less time smelling multiple odors compared to controls. In particular, odor discrimination 308 may be affected in Atrx-cKO MALE mice as demonstrated by decreased time smelling a novel odor 309 following repeated presentation of another. These differences in olfaction that Atrx-cKO MALE mice 310 display is a variable to consider when interpreting social behaviour assays that require odor 311 discrimination. However, it is interesting to note that olfaction deficits have been reported in both 312 ASD patients as well as models with autism-associated genetic mutations. In a recent clinical 313 study, nine children with ASD demonstrated impaired olfactory adaption compared to a control 314 group (44). Additionally, another study reported that mice with haploinsufficiency of the autism-315 associated gene, T-box, Brain 1 (Tbr1), displayed impairments of olfactory discrimination (45).
316
Therefore, these impairments in olfaction, particularly odor discrimination, may be an indication 317 of autistic-like features.
318
While there was no overall difference in olfaction when we compared Atrx-cKO FEMALE 319 mice to controls, Atrx-cKO FEMALE mice demonstrated increased time spent sniffing the cotton swab 320 when presented with the banana odor for the first trial. These results suggest that their odor 321 discrimination may be heightened compared to that of Ctrl FEMALE . Altogether, although Atrx-322 cKO MALE and Atrx-cKO FEMALE mice display differences in olfaction compared to controls, we did 323 not identify any genotypic-differences in social behaviours either in the social approach test or the 324 3-chamber paradigm. Therefore, any differences in olfaction of Atrx-cKO mice did not result in 325 impairments in social recognition or discrimination based on olfactory cues.
326
Although there were no identified genotypic effects on social behaviour, we did discover 327 sex-differences in both sociability as well as social novelty. Male mice spent more time socially 328 interacting with a stranger mouse compared to females during the social approach assay.
329
Additionally, male mice showed a greater preference for a novel mouse over a familiar mouse 330 during the 3-chamber paradigm, while female mice did not. This increased sociability in males has 331 been previously observed in C57Bl/6N mice during social behaviour assays (46). In a study by 332 Karlsson et al., both male and female mice showed sociability and social memory, however 333 females showed lower interaction times towards novel conspecifics compared to males. This 334 increased sociability was attributed to higher level testosterone in males compared to females (46).
335
Previous research has suggested that estrogen functions to facilitate social recognition in female 336 mice (47, 48) . Therefore, since our study did not include information about the estrus cycle phase 337 of females that performed the social behaviour assays, estrogen levels may have been varying 338 amongst females during these assays. These changes in estrogen levels may provide an explanation 339 as to why both Atrx-cKO FEMALE and Ctrl FEMALE mice did not demonstrate a preference to the novel 340 mouse during the social memory assay.
We additionally observed sex differences in the total number of vertical episodes, and Finally, we also observed a sex-specific difference in startle responses when we exposed 352 male and female mice to an acoustic startle. Male mice demonstrated an exaggerate startle when 353 exposed to 50 trials of a "pulse-only" acoustic stimulus compared to females. Increased startle 354 response of males compared to female has previously been reported in studies investigating startle 355 of mice as well as humans (51-54). Plappert et al., investigated startle responses of both C57 and 356 C3H mouse strains, and observed a higher startle amplitude for males, irrespective of strain. This 357 study suggested that the estrous cycle of females did not influence acoustic startle amplitude.
358
Rather, increased anxiety in male mice appeared to contribute to this increase in startle response 359 (53). Interestingly, results from our open field test suggest that Atrx-cKO FEMALE and Ctrl FEMALE 360 mice exhibit increased anxiety-like behaviours. Therefore, our results instead suggest that 361 increased anxiety of female mice may limit their response to an acoustic startle. An alternative 362 explanation of these sex-differences may be that Atrx-cKO MALE and Ctrl MALE mice weigh more than their female counterparts, resulting in a greater startle amplitude measured by the recording 364 platform when the acoustic startle is administered. 365 Altogether, although specific sex-difference were observed throughout the tests, there were 366 no genotypic differences between control mice and Atrx-cKO mice. We theorize that the lack of 367 autistic-like phenotypes observed in Atrx-cKO mice is due to the timing at which Atrx is deleted In conclusion, a postnatal conditional knockout of the autism susceptibility gene Atrx did 377 not result in autistic traits in either male or female mice. We did observe sex-specific differences 378 in sociability, vertical episodes, and acoustic startle response that support previously reported 379 findings. These findings suggest that the postnatal loss of ASD associated genes may occur too 380 late in development to result in behavioural deficits. Our results support the belief that ASD is a 381 developmental disorder and associated genetic mutations must occur early in development to result 382 in behavioural differences. 
